INTRODUCTION {#sec1-1}
============

Over the past few decades, liposomes have received much attention as model membranes or delivery systems for therapeutic drugs, vaccines and genes([@ref1]--[@ref3]). Liposomes possess unique properties such as capability of entrapping hydrophilic or lipophilic agents, great biocompatibility, low immunogenicity and toxicity, and ease of preparation. However, conventional liposomes, which are mainly composed of phospholipids without any surface modification, suffer some drawbacks such as instability, inability to provide sustained drug delivery and rapid *in vivo* clearance which may limit their use as therapeutic carrier systems([@ref4]).

Many approaches have been taken to overcome these problems and/or render liposomes targetability to different cells and organs. Surface-modification of liposomes by different polymers like polysaccharides, polysaccharides derivatized with hydrophobic moieties and polyethylene glycol derivatives is the most commonly used approach to produce stealth liposomes which favor a prolonged circulating half life due to reduced uptake by mononuclear phagocytic system([@ref4][@ref5]).

Incorporation of drugs and other additives in liposomes as well as their surface modification by polymer derivatives can alter not only the vesicles' fate *in vivo*, but also their physical properties *in vitro*; the bilayer phase transition and fluidity, the drug release behavior, and drug and liposomes stability being the most important changes to occur([@ref6][@ref7]).

Differential scanning calorimetry (DSC) is a great tool which can be efficiently used to investigate the interaction between liposomes and molecules of drugs and polymers used to incorporate in and/or surface-coat the vesicles([@ref8]--[@ref10]).

Thermal studies have indicated that the transition of a pure phospholipid occurs over a narrow temperature range. The presence of drugs and other lipids may, however, broaden the phase transition or cause changes in the enthalpy of the transition (Δ°) and/or phase transition temperature (T~m~), the temperature at which the maximum peak occurs. In this study we have used thermal analysis to investigate the interaction of liposomes of variety of charges with insulin as a model peptide drug, carboxymethyl chitin (CM-chitin) as a hydrophilic polymer, and cholesterol-derivatized mannan (CHM), as a hydrophilic polymer bearing a hydrophobic anchor group. Insulin, an amphyphilic molecule, can interact with the bilayer, through both hydrophilic and hydrophobic interactions, possibly affecting physical characteristics of liposomes during and after drug entrapment. The study of interaction of CHM with liposomes has been of special interest since naturally-occurring polysaccharides like mannan, which have been derivatized with cholesterol or other hydrophobic anchors, have been widely used to modify drug release, improve physical stability and prolong circulation half life of drug liposomes *in vivo*. Thus, thermal studies on these interactions can provide us with useful information about the properties of these vesicles.

MATERIALS AND METHODS {#sec1-2}
=====================

Materials {#sec2-1}
---------

L-α-Dipalmitoylphosphatidylcholine (DPPC) and dimyristoylphosphatidylglycerol (DMPG) were obtained from Princeton Lipids, Princeton, NJ. Cholesterol (CH), stearylamine (SA), mannan and insulin were obtained from Sigma Chemical Co., St. Louis, MO and used as received. All other chemicals were of reagent grade or better.

Methods {#sec2-2}
-------

### Preparation of CHM {#sec3-1}

Mannan was derivatized with CH in three steps according to a previously reported procedure([@ref11]), with some modifications. Molecular structures of mannan, CHM, and intermediate products are depicted in [Scheme. 1](#F1){ref-type="fig"}. In first step carboxymethylation of mannan (CM-mannan) was achieved by reaction of 1.2 g. mannan with 0.12 g sodium hydride (NaH) in dry dimethyl sulfoxide (DMSO) for 4 h followed by reaction with 0.15 g bromomethyl acetate for 12 h at room temperature (RT). Subsequently, the addition of absolute ethanol caused precipitation of the methylester deriva-tive of CM-mannan, which was then separated by filtration. The precipitate was washed with ethanol, then converted to CM-mannan with stirring in a 0.2 M NaOH solution at RT for 4 h. Purification of the product was carried out by dialysis of the mixture against toluene-saturated water for 2 days and against MilliQ^®^ water (Millipore^®^, Millford, MA) for 1 day. Infrared spectroscopy indicated the presence of carbonyl group at 1740 cm^-1^ as evidence of carboxymethylation. The second step CM-mannan (1 g) was reacted with ethylenediamin hydrochloride (3.2 g) at pH 4.7 for 12 h in the presence of 1-ethyl-3-(3-dimethylamino) propylcarbodiimide (0.3 g) as a coupling agent to form aminoethylcarbomethyl-mannan (AECM-mannan) which was purified by dialysis against 0.2 M NaOH solution for 2 days and MilliQ^®^ water for 1 day. CHN elemental analysis indicated the substitution degree of 8.8% AECM spacer (8.8 spacer moiety per 100 saccharide units).

![Chemical structures of mannan and its derivatives](JRPS-7-43-g001){#F1}

In the third step, AECM-PS was dissolved in dry DMSO and reacted with cholesterol chloroformate in dry DMF in the presence of pyridine. The mixture was stirred at 80°C for 12 h and cooled to RT. Cholesterol-derivatized mannan (CH-AECM-mannan) produced was precipitated by absolute ethanol and filtered. The precipitate was washed with ethanol and ether, dried under vacuum for 2 days, and stored in a refrigerator. The degree of substitution of CH was 2.3% (i.e. 2.3 cholesterol moieties per 100 saccharide units). This was estimated from ^1^HNMR spectra, where methyl and methylene protons of CH molecules produced signals between 0.2 and 2.4 ppm ([Fig. 1](#F2){ref-type="fig"}). Such signals were absent in the ^1^HNMR spectra of the underivatized polysaccharides.

![^1^HNMR spectra of CHM in DMSO-d~6~ at room temperature. Inset (a) and (b) are mannan and cholesterol spectra,respectively. Protons of mannan from CHM appeared at 2.6-6.6 ppm and of cholesterol at 0.2-2.4 ppm as evidence of derivatization.](JRPS-7-43-g002){#F2}

### Preparation of liposomes by dehydration-rehydration (DRV) method {#sec3-2}

Liposomes were prepared according to Kirby and Gregoriadis([@ref12]) with some modifications. Briefly, DPPC, CH and a charged adduct like SA or DMPG were dissolved in chloroform in specified mole ratios (m.r.) to give a final lipid concentration of 15 mM. The lipid solutions of of DPPC, DPPC:CH (7:2 m.r.), DPPC:SA (7:1 m.r.), DPPC:DMPG (7:0.5 m.r.) in chloroform were dried in a round-bottom flask by rotary evaporation. The flask was flushed with N~2~, then stored overnight in a vacuum desiccator at 40°C. The lipid film was hydrated with water at 10°C above the phospholipid T~m~ for 5 min, followed by probe-sonication for 1 min at RT. Liposomes were centrifuged at 5000 × g to separate titanium particles released from the sonicator probe. The supernatan containing small unilamellar vesicles (SUV) was freeze-dried and a small volume of insulin solution (16 mg/ml) in 10 mM phosphate buffer saline (PBS) was used to rehydrate the lyophilized SUVs (\~0.4 ml/100 mg lipid). To prepare empty liposomes, the freeze-dried liposomes were hydrated with buffer solution. After 30 min, liposomes were warmed at 10°C higher than T~m~ for 5 min in the rotary evaporator. After cooling to RT, liposomes were diluted with 10 mM PBS (pH 7.4) and left at RT for 3 h. In one experiment, an insulin solution was prepared in 5 mM PBS (pH 7.4) and added to SUVs before freeze-drying. Lyophilized liposomes were then rehydrated with 10 mM PBS solution of the same pH and treated as before.

### Polymer-coating of liposomes {#sec3-3}

Liposomes were incubated with an equal volume of 0.5% CM-chitin or 0.5% CHM solutions in 10 mM PBS (pH 7.4) to form polymer-coated liposomes and stored in the refrigerator overnight. The weight ratio of polymer to lipid was one. Uncoated and polymer-coated liposomes were centrifuged at 10,000-130,000 × g for 15-30 min at 4°C (Beckman Ultracentrifuge, Floor Model: L8-55). The supernatant containing free insulin and/or free polymer was removed and the pellet was resuspended in PBS solution. This procedure was repeated twice.

### Differential scanning calorimetry {#sec3-4}

Calorimetric measurements were performed with a Seiko thermal analyzer; model SSC/5200 (Seiko Instruments Inc, USA). The system was configured for data analysis using a Hewlett Packard^®^ workstation model 712. Indium, palmitic acid, and benzoic acid were used to calibrate the instrument.

The liposomal pellets resuspended in 3 ml PBS were divided into equal volumes in microcentrifuge tubes, then centrifuged at 14,000 rpm at RT for 5 min. The supernatants were discarded and the pellets were resuspended in 50 μl PBS and transferred to 100 μl aluminum crucibles for analysis. A sealed pan containing 50 μl PBS solution was used as a reference. The samples were scanned at a rate of 1°C/min from 23-75°C.

RESULTS {#sec1-3}
=======

The DRV liposomes obtained were multilamellar vesicles, as observed by an optical microscope, ranging in size from 1.73 to 3.08 μm (data not shown). DSC studies were conducted to obtain evidences of the coating of liposomes by polymers. Representative DSC scans shown in [Fig. 2](#F3){ref-type="fig"} illustrate the effects of CH and the charged adducts SA and DMPG, on the T~m~ of DPPC. A T~m~ of 41.3°C and a pre-transition temperature of 34.7°C were observed for DPPC liposomes ([Fig. 2a](#F2){ref-type="fig"}). The T~m~ of DPPC increased to 43.5°C but its enthalpy of transition (ΔH°) decreased drastically to 9.1 mJ/mg from 48.7 mJ/mg with 22 mol percent CH incorporation ([Fig. 2b](#F3){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). The presence of 12.5 mole percent SA increased the T~m~ of DPPC from 41.3 to 44.7°C and also slightly increased the DH° from 48.7 to 52.0 mJ/mg. Incorporation of 6.7 mole percent DMPG decreased the T~m~ from 41.3-40.1°C and the ΔH° from 48.7 to 40.4 mJ/mg.

![Effects of CH and charged adducts (SA or DMPG) on DSC thermograms of DPPC liposomes. Inset (b) shows enlargement of the thermogram of DPPC:CH (7:2 m.r.) liposomes from Fig. 2a.](JRPS-7-43-g003){#F3}

###### 

Thermodynamic characteristics of DPPC liposomes^a^

![](JRPS-7-43-g004)

The effects of insulin incorporation and polymer interaction on the thermal behavior of DPPC liposomes, DPPC:SA (7:1 m.r.) liposomes, and DPPC:DMPG (7:0.5 m.r.) liposomes are illustrated in [Fig. 3](#F4){ref-type="fig"} and the details are presented in [Table 1](#T1){ref-type="table"}. The differences in the phase transition enthalpies of DPPC liposome following insulin incorpo-ration, SA or DPMG addition, or polymer coating are depicted in [Fig. 4](#F5){ref-type="fig"}. The effect of insulin on T~m~ and ΔH° was negligible. CM-chitin increased ΔH° of DPPC:SA liposomes to 57.3 mJ/mg, but had no effect on the T~m~. The thermal behavior of all other liposome systems was not affected by coating with CM-chitin. Coating with CHM had no effect on T~m~, however, ΔH° decreased ([Table 1](#T1){ref-type="table"}).

![Effects of insulin and polymer coating on the DSC thermograms of, a) neutral DPPC liposomes, (b) positivelycharged DPPC:SA (7:1 m.r.) liposomes (PCL), and (c) negatively-charged DPPC:DMPG (7:0.5 m.r.) liposomes (NCL). Plus sign (+) indicates liposomes containing insulin or coated with the polymer.](JRPS-7-43-g005){#F4}

![The effect of insulin incorporation or polymer-coating on the enthalpy change (ÄH°) of the main transition endotherms of neutral liposomes (NL), positively-charged liposomes (PCL), and negatively-charged liposomes (NCL), composed of DPPC, DPPC:SA (7:1 m.r.), and DPPC:DMPG (7:0.5 m.r.), respectively. For the sake of comparison, the enthalpy changes of the transitions of all systems were subtracted from that of liposomes composed of DPPC only (horizontal line at zero). Values was calculated from [Table 1](#T1){ref-type="table"}. ![](JRPS-7-43-g006.jpg), empty and uncoated; ![](JRPS-7-43-g007.jpg), insulin-encapsulated and uncoated; ![](JRPS-7-43-g008.jpg), CM-chitin-coated; and ![](JRPS-7-43-g009.jpg), CHM-coated.](JRPS-7-43-g010){#F5}

DISCUSSION {#sec1-4}
==========

DSC has been widely used to obtain values of T~m~, the temperature at which the maximum peak occurs, i.e. the transition is half completed, ΔH°, and, hence, entropy change of the transition (°S°) of various lipid systems.

Liposomes composed of DPPC, as the only constituent, had a sharp transition mid-point T~m~ of 41.3 ([Table 1](#T1){ref-type="table"}). This value was lower than the values of 43, 44, 44.58 reported by Ikeda and coworkers([@ref13]), Boggs and coworkers([@ref14]) and Langer and coworkers([@ref15]); but in good agreement with the value of 41.5 and 41.3 obtained by Lo and Rahman([@ref16]), and slightly higher than the value of 40.5 reported by Seki and Tirrell([@ref17]). These differences may be attributed to various factors related to instrument or sample variability([@ref18]). Sensitivity of the DSC instrument as well as the nature and number of standards used to calibrate the instrument play important roles in the accuracy and reproducibility of results([@ref16]). Indium, with a T~m~ of 156.6, is often used to calibrate the conventional DSC, which is more suitable for compounds with melting points above 100°C. In contrast, multiple standards are routinely used to calibrate a high-sensitivity DSC. This can be advantageous in producing more reliable measurements in the desired temperature range. Thus, the high sensitive DSC instrument used in this study, which was calibrated with two standards having the melting points of 28.2°C and 75.9°C, better and more accurately indicated the thermal behavior of phospholipids with melting points below 100°C.

With regards to the heating, an increase in heating rate increases the onset and midpoint of transition temperatures (13,18). Another important factor is sample characteristics. In the case of DPPC liposomes it has been shown that where they were prepared as multilamellar vesicles (MLVs) a T~m~ of 41.5 (19) or 41.3([@ref20]) was obtained, while in the form of SUV the T~m~ was shifted to almost 4°C lower temperatures (19,20). Therefore, the variation in aggregation state of liposomes may be partly responsible for the differences in T~m~ previously mentioned([@ref21]).

The T~m~ of DPPC decreased from 41.3 to 40.1 upon inclusion of 6.7 mole percent DMPG Since the acyl chains of these phospholipids are not identical, two transitions of gel-to-liquid crystalline states were expected to occur somewhere between two T~m~ values. However, a DMPG peak was not detected because of low content in the mixture. The shifting of T~m~ of DPPC, upon incorporation of 12.5 mole percent of SA, to 44.6°C can be explained by the presence of longer acyl chains (i.e. stearyl) in the bilayers. It also caused broadening of the transition peak, indicating lower chain cooperativity in the bilayer.

The thermal behavior of the biomembrane phase transition is affected by the presence of foreign molecules. The current study was conducted to evaluate the thermodynamic changes of neutral, negatively-charged, or positively-charged liposomes composed of DPPC (as the main phospholipid in the formulation) upon their interaction with polymers or insulin. Interactions between macromolecules (peptides) and phospholipids have been classified by Papahajopoulos *et al*. into three major groups:([@ref1]) surface adsorption only,([@ref2]) partial embedding into the lipid bilayer, and([@ref3]) penetration into the core of anionic or zwitterionic lipid bilayers([@ref19]). The first group interaction resulted in an increase in the ΔH° accompanied by either an increase or no change in the T~m~, while processes of the second and third class resulted in reduction in the transition enthalpy with a decrease or no change in T~m~. Some contradictions to Papahajopoulos *et al*.\'s classification scheme have been reported([@ref16][@ref22][@ref23]) and some modifications have been suggested([@ref16]).

Insulin only slightly reduced the enthalpy of transition in the amount incorporated ([Table 1](#T1){ref-type="table"} and [Fig. 3](#F4){ref-type="fig"}) while it had no effect on the T~m~ of DPPC of PCL or NCL. The stabilization effect of cholesterol-derivatized polysaccharides on phospholipid bilayers has been already demonstrated using surface potential or surface pressure measurements, isothermal titration calorimetry, cryogenic scanning electron microscopy and DSC([@ref24][@ref25]). The functionalized polysaccharides have also been shown to lower the total enthalpy and entropy changes of phospholipid after interaction and yield more thermodynamically stable systems([@ref11]). The ΔH° of DPPC liposomes was found to be 48.65 mJ/mg ([Table 1](#T1){ref-type="table"}), in agreement with a value of 8.7 Kcal/mole (\~49.55 mJ/mg) reported elsewhere([@ref26]). Interaction of CHM with neutral DPPC liposomes decreased DH° from 48.65 to 41.5 mJ/mg, a 14.7 % reduction ([Table 1](#T1){ref-type="table"} and [Fig. 3](#F4){ref-type="fig"}). The same pattern was also observed after CHM interaction with both PCL and NCL consisting of DPPC:SA (7:1 m.r.) and DPPC:DMPG (7:0.5 m.r.), respectively ([Fig. 3](#F3){ref-type="fig"}). The T~m~ was, however, insensitive to such interactions. Similar thermotropic behaviors have also been reported for DPPC and DMPG upon interaction with alginate and a-sarcin, respectively([@ref27][@ref28]). On this basis it is suggested that CHM interacts with liposomes according to Papahadjopoulos *et al*.([@ref19]), i.e. the polymer becomes inserted in the lipid membrane.

In contrast to CHM, CM-chitin interactions with neutral or negatively-charged liposomes did not alter ΔH° from which it is assumed that such interactions were weak. However, CM-chitin slightly increased ΔH° of positively-charged liposomes. This may be attributed to a stronger association of PCL with the oppositely-charged CM-chitin at pH 7.4. CM-chitin interaction with liposomes therefore falls into the first category in which macromolecules interacting with bilayers exhibit a strong dependence on electrostatic binding without significant penetration into the hydrocarbon region.

CONCLUSION {#sec1-5}
==========

DSC studies indicated that polymer association caused no change in T~m~ of liposomes. However, the changes in the DH° supported an anchoring mechanism of CHM to the bilayers, whereas no changes after coating with CM-chitin was suggestive of no significant interaction. It can be, therefore, concluded that a hydrophilic polymer which are hydrophobized (like CHM) interact more strongly than a polymer lacking a hydrophobic moiety (like CM-chitin) with liposomal bilayers. Thus, information obtained from the DSC study can be used to determine liposome-polymer interaction, which it can accordingly affect membrane fluidity, drug release behavior, and possibly the *in vivo* fate of the liposomes([@ref4]--[@ref8]).
